In this paper, we describe a one-day event which changed student perceptions about the relevance of mathematics in today's world. In particular, we discuss in detail a competition held during this event in which senior level secondary school students were given an opportunity to experience consulting in the mining industry.
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In an effort to raise student awareness of the power of mathematics in modern society, we ran a one-day fair for senior level secondary school students (i.e. Year 11 and 12) in Victoria [1] . The core event was called the Maths in Industry and Technology or MIT Challenge. It was designed to give the students a taste of real-world consulting in the format of a competition. Teams of four students, acting as consultants, were presented with a design and optimisation problem from the Western Mining Corporation. A representative from the Australian Mining Consultants, here acting as the client, gave the students a detailed background of the mining industry before presenting the actual MIT Challenge problem.
The MIT Challenge was supported by a smorgasbord of activities, which showcased careers of mathematics graduates in a wide range of disciplines. There was "Mathematicians Exposed" which was a series of lectures given by mathematics graduates working in healthcare, telecommunications, finance, superannuation, information technology and the military. There were exhibits on various mathematical research and statistical consulting problems in transportation, food manufacturing, meteorology, operations research, geology, medicine and the military. The exhibits not only highlighted the extensive use of mathematics in the modern world but also exposed a myriad of unanswered questions that are fuelling developments in mathematics and stimulating the emergence of new areas (e.g. bioinformatics, nanotechnology and micromechanics).
The survey of the fair showed the event to be an overwhelming success with 91% of respondents saying that it was both enjoyable and informative. In particular, a number of Victoria's top ranking students who participated in the fair have commented on how the event has influenced their choice of subject majors at University. The personal interactions with various staff in the Department, combined with the opportunity to meet graduates from such a 3 wide range of areas and to learn about where their mathematical training has taken them, have served as a great inspiration to the students. The following were some of the students' comments about the fair: 
Design and presentation of the MIT Challenge
A key aspect of organising the MIT Challenge was to find a real life problem that was accessible to senior level secondary mathematics students, specifically, one which they could make a reasonable attempt at solving in under three hours. The problem for the MIT Challenge was developed by University of Melbourne researchers who have been working on the design of underground mining tunnels, in collaboration with the Australian Mining Consultants for Western Mining Corporation.
The MIT Challenge was presented to the students in five stages as follows.
Stage 1: Kick-start MIT
In preparation for the competition, the students were given a half hour "crash course" on the art of mathematical modelling for a simple real world problem and were provided with ideas and techniques they could use in the competition. Specifically, the problem that was discussed was that of minimising the fuel consumption for a train travelling on a flat track between two stations.
Stage 2: Problem Presentation
Mr. Brian Hall, a principal mining engineer from the Australian Mining Consultants, presented the MIT problem. To motivate the problem, Mr. Hall gave an overview of the mining sector, briefly discussing the importance of mining to the world economy, and how mathematics is used to solve a wide range of problems in management, design and operations in the mining industry.
Stage 3: MIT Competition
At this stage, the students tackle the MIT problem where they must learn to work together effectively and efficiently to meet their strict deadline. Within three hours they were required to develop a solution approach and come up with a proposal to the client, i.e. a written report of their work. The teams were then ranked according to the quality of their proposals.
Stage 4: MIT Student Presentations
The top six teams were required to give an oral presentation of their proposed solution to a panel of judges. In this case, the panel members included mathematicians and engineers who worked on related design problems for the mining industry.
Stage 5: MIT Solution Presentation:
In closing, one of the judges Dr Marcus Brazil, presented the solution to the MIT problem.
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The final winners were judged according to the quality of both their written and oral work. To give the judges sufficient time to carefully examine the students' work and confer with each other, the winners were announced a week later. In the following sections, we present a summary of the MIT Challenge problem, a numerical solution to the problem, and various solution strategies for the problem, including the proposal submitted by the winning team.
Industrial background and significance of the MIT Challenge problem
The mining industry provides significant economic and social benefits to Australia and the world at large, making this MIT problem especially relevant today and hence ideal for this competition [2] . "The mining industry has been key to the development of civilisation, underpinning the iron and bronze ages, the industrial revolution and the infrastructure of today's information age. In 2001, the mining industry produced over 6 billion tons of raw product valued at several trillion dollars" [3] . The USA, Canada, Australia, South Africa and Chile dominate the global mining scene and lead the world in mining and exploration technology. Australia, in particular, is well endowed with most minerals and fossil fuels (with oil being the notable exception). It holds the world's largest known resources of iron ore, uranium, lead, zinc, bauxite, silver, industrial diamonds and mineral sands. To give an idea of the economic and social significance of the mining industry in Australia: more than 18,000 people worked in the area in 1996-1997 with mining services exports exceeding $1 billion [4] the proportion of Australia's wealth derived from minerals and fossil fuel is 2.5 times the corresponding proportion for the wealthiest 20 countries [5] 6 in 1997-1998, the mining sector directly added $8.6 billion to Australia's wealth [5] 20% of research and development expenditure in Australia is by mining related industries [5] If Australia's mineral resources increased by 10% it is estimated that Australia's gross development product (GDP) would be 0.7% higher after five years than it would otherwise have been [5] .
The MIT Challenge problem
A mining company is planning to extract ore (say gold) from a deep underground ore body. The size, position and approximate volume of ore in the ore body are known from geological surveys. A method of extracting the ore has also been chosen. Extraction equipment will be sent into the ore body and ore will be removed via four access points at the base of the ore body. The positions of these access points have been determined and they are all at the same depth, exactly 300 metres below the surface. The ore will be taken to the surface via a system of tunnels (known as "drives") and a vertical shaft. The position on the surface of the top of the shaft is already known, and cannot be changed. You have been asked to design the network of drives connecting the four access points to the base of the shaft, so as to minimise the development and construction costs, that is, the costs of building the tunnels and shaft.
Part (1):
It has been decided by the mining company's engineers to sink the shaft to the same depth as the access points. This means that the drives will all be horizontal.
The mining company wants you to optimise as far as you can the cost of building the drives. For this part of the problem, the cost of the shaft can be treated as a 7 fixed amount and so does not need to be considered. How would you design the drives network so that the construction costs are minimum?
Part (2):
Assume that the base of the shaft does not need to be at the same depth as the access points. Although the position of the top of the shaft is fixed, you may be able to make further savings by minimising the construction costs of the shaft plus the drives. There is also an added constraint: the vehicles that haul ore from the access points to the shaft cannot travel at a gradient greater than 1/8, that is, they cannot move upwards by more than a metre for each 8 metres they travel horizontally. Hence, 1/8 is the maximum gradient for any drive, though drives are allowed to zigzag or spiral in 3 dimensions in order to achieve any desired vertical displacement between two points. Can further savings be achieved by changing the depth of the shaft? How would you design the network of shaft and drives so that 
Solution to the MIT Challenge problem
The following is a summary of the numerical solution to the MIT Challenge problem and some of the mathematical theory involved in rigorously solving the underlying geometrical optimisation problem. The students were not expected to be familiar with any of this mathematical theory. In the next section we discuss some of the possible solution methods, including the solution given by the winning team.
Part (1):
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The network required for Part (1) is an example of a Steiner minimum network -a network connecting a given set of points in a plane such that the total length of edges in the network is as small as possible. Such networks can contain extra junctions, which are referred to as Steiner Points. Steiner minimum networks have been studied extensively by mathematicians and engineers interested in network optimisation [6] . The main geometric properties of a Steiner minimum network, resulting from its minimality, are:
1) All edges are straight lines.
2) The network contains no circuits (or cycles).
3) No two edges meet at an angle of less than 120 degrees. 
Part (2):
The second part is much more difficult. In particular, the geometric properties involving 120 degree angles no longer apply. It is useful to note that: to go up 1 metre by shaft costs $10,000, but to go up 1 metre by a (zigzag) drive costs $16,000. This suggests that we should never use zigzag drives in the optimal solution. The shaft is sufficiently expensive, however, that some savings can be made by raising the base of the shaft. In essence, this part involves lifting the shaft base as much as possible without creating any zigzag drives.
The optimal solution was obtained using a computer program [8] 
Solution methods and the winning team's proposal
The judges for the MIT competition did not expect any students to find the optimal solutions outlined in the previous section. In the presentation of the MIT Challenge problem, it was emphasised that the students should be concentrating on developing a good solution method, rather than necessarily finding a numerical solution for the given data. Of course, most students found that the most effective way of developing good methods was to experiment with the given numerical data.
For Part (1), it was hoped that the students would uncover some of the geometric properties of minimum networks listed in the previous section, in particular properties 1), 2), 6) and perhaps a weaker version of property 3), for example, showing that no two edges meet at an angle of less than 90 degrees. The key question is then how to construct such a minimum network, for a given set of nodes. Some of the many possible approaches to this aspect of the problem are as follows:
Exact Methods
Set up a system of equations whose variables are the coordinates of the Steiner points, and minimise the lengths of the edges, by attempting to minimise a suitable objective function.
Use the geometric properties of the network to solve exactly, along the lines of the work of Melzak [7] .
Iterative Search Methods
Start with an approximate solution; look for Steiner points with edges meeting at small angles (say, < 90 degrees, or, better still, < 120 degrees); move each such Steiner point 13 a small distance into the small angle to make it larger. Repeat until all angles are suitably large.
Superimpose a grid upon the region. For a given topology, restrict the Steiner points to grid points and exhaustively search for the grid points which minimise the length of the network. Now construct a tighter grid on a neighbourhood around the current Steiner points, and repeat the search.
There are many other possible approaches, including some nice physical models based on soap bubbles or weighted strings [6] . (Such approaches would have been infeasible in the MIT competition, due to the time restriction, but could work well in a classroom situation.) Part (2), which was included to challenge the better students, is most suited to iterative methods. However, an added difficulty in devising a good iterative algorithm for this part is that it is not easy to decide what direction to move the Steiner points to improve a given approximate solution.
The teams were given access to basic computing facilities during the MIT challenge so some used spreadsheets to help with calculations. In a couple of hours, competing teams of students came up with practical solutions that gave huge savings on tunnelling costs and devised effective strategies for determining optimal tunnel layouts. Some of the student oral presentations were of an extremely high standard as was the mathematical insight displayed in the written reports. Several of the teams achieved solutions that were close to the optimal solution for Part (1) . As expected, few teams made any real progress in Part (2).
Below, we summarise the written proposal submitted by the winning team from Caulfield Grammar School.
Part 1:
Consider an arbitrary network. If the network ever extends outside of the convex hull of the points we are interested in (A1, A2, A3, A4, ST) then it won't be the solution. A better network may be obtained by constraining the network within the hull.
If any two points are connected by a curved line, a better network is obtained by making it straight.
Hence, the minimal network lies within the convex hull and has straight lines only. What is not known is how many extra points need to be added (where an extra point is an intersection of three or more drives) for an optimal solution. 1) Define an algorithm linking points together, to produce all possible ways of doing so.
2) Define an algorithm to determine the minimum network for each possible way of connecting.
3) Run algorithms on a computer.
Proof that there cannot be more than 3 extra points:
The minimal network will be a "tree" (a graph with no cycles) and hence has one less edge than If one more extra point were to be added, then one and only one edge must be added. But the extra point needs to connect to at least three other points and each other extra point is already connected to three things, so more edges are required. But no more can be added. So the most amount of extra points that may be in a tree with n fixed points is n-2.
Algorithm 1:
Start with the points you wish to connect. Add in either 0, 1, 2 or 3 variable points (cannot be more than 3 since there are 5 fixed points). Pick two points and join them.
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Out of the other points, they must connect (directly or not) to either one of A or B but not both.
If both, then a cycle would exist and a tree wouldn't exist. So there will be a set of points connected to A and a set connected to B.
The other points must be partitioned so that they go into one of these two sets. Also, each set must have at most 2 less variable points as fixed points. For each partition, we now have a similar, but reduced problem. We need to find all the ways of making a tree given some points.
So the whole algorithm can be applied recursively to each partition. This gives all the trees with A and B connected. Then you connect A with another point C and so on.
Do the whole process again, but every time A needs to be connected to B, then don't consider that case. Do this for all points A can connect to. We now have all the possible ways of connecting the network.
Algorithm 2:
For each tree produced by algorithm 1, the minimum placement of points is found like so:
1) The fixed points are fixed. The variable points can vary within the convex hull.
2) Use a computer to vary the points within the domain to find an approximate minimum of all distances (systematically, at regular spaced points). Use fine intervals near the approximate minimum.
3) Each tree will give a resultant minimum placement of the variable points this way.
4) Out of all the minimum placements, select the least one. This is the solution because the shortest distance is the least cost.
Part 2
Same as Part 1, but:
1) Shaft point becomes variable with obvious restrictions.
2) All cases with gradients more than 1/8 are rejected when doing the calculation. There will be a corresponding domain restriction on the variable points (like the convex hull in Part 1).
3) All edges will be straight still, since any curve can be broken up into straight line segments which will have shorter length.
4) When calculating distances, the shaft distances should be multiplied by 5 to give an "effective drive distance" since the shaft costs 5 times as much the drives.
Mathematics in science and technology -making a connection
There can be no question that there is widespread use of mathematics in science, engineering and commerce. Mathematics is the language for expressing ideas across these disciplines. The problem is that this fact has remained somewhat hidden to the general community, thereby contributing to the prevalent view that there are limited career opportunities for mathematics and statistics graduates.
The help of industry and government is crucial in engaging students to the applications of mathematics, and for communicating that mathematics offers the necessary tools and ways of thinking to unite the concepts common to the many areas of science, engineering and commerce. Students must be given experiences which require them to make connections between mathematics and other disciplines in a way that is real and relevant. Only then will they truly see the power that mathematics brings to understanding and solving problems in diverse settings beyond the classroom.
